This study concerns the predicted performance of multifrequency ground-based radiometers in estimating atmospheric moisture and the corresponding attenuation and wet path delay on an Earth-space path. The analysis of the performance is based on a numerical simulation using possible combinations of radiometric channels at 10 microwave frequencies below 100 GHz. We first discuss the accuracy of retrievals of both integrated atmospheric vapor and cloud liquid from noisy radiometric measurements carried out at two frequencies and investigate the improvement attainable by using more than two radiometric channels. Then we focus on the problem of predicting attenuation and wet path delay at several frequencies in the millimeter wave range for a vertical Earth-space path from radiometric data. Examples of possible combinations of two and three frequencies are presented, ranked according to their capability, first in retrieving vapor and liquid, then in predicting attenuation and wet path delay for two different climatologies.
INTRODUCTION
The behavior of a radio path through a nonscattering atmosphere is characterized by two principal quantities, that is, cumulative path attenuation A' Paper number 92RS02457.
0048-6604/93/92RS-0245758.00
63 including temperature T, water vapor partial pressure e, and liquid water density Pw. At frequencies beyond 10 GHz, rain severely limits atmospheric propagation. However, we consider here only the effect of nonprecipitating clouds. Indeed, with the expanded use of frequencies above 20 GHz, low fade margin systems become increasingly important, and for these systems, both water vapor and cloud liquid are key factors in determining the propagation characteristics. For a nonscattering atmosphere in local thermodynamic equilibrium, the brightness temperature at ground is related to the absorptive properties of the medium by
T(s)a(s)e-f;,(s') as' ds + Tcose-f;•,(s)as. (3)
In (3), T(s) (in degrees Kelvin) is the atmospheric physical temperature at the spatial coordinate s, and Tcos (also in degrees Kelvin) is the brightness temperature contributed by extraterrestrial sources (cosmic background). For nonprecipitating conditions in the troposphere, Ta depends essentially on frequency and viewing direction and is unpolarized. Ta data contain information on the state of the atmosphere, so that the retrieval of the spatial distributions of temperature and of the absorbing/ emitting gases or water particles is, in principle, feasible from radiometric measurements. If the absorption is sufficiently weak (-<12 dB), the atmospheric opacity can be derived from brightness temperature measurements. The accuracy of the opacity determination depends on the accuracy to which the effective medium temperature can be estimated. Furthermore, the total amount of water vapor V in the air column sensed by the radiometer antenna and the corresponding total integrated liquid water L can be obtained from the opacity measured at two frequencies for which the effects of the two phases differ substantially. In practice, because of spatial inhomogeneities, especially during cloudy conditions, equal antenna beam widths are required at both frequencies for accurate deter- [Westwater and Strand, 1968] . The accuracies of retrievals from dual-channel radiometric data, which are reported to be typically 1.0 to 1.5 mm for vapor and better than 20% for liquid, are satisfactory for several applications [Snider, 1988] . However, it should be mentioned that the experimental data base is not wide enough to in- With this purpose in mind, we have carried out a numerical simulation to analyze the accuracy of retrievals of integrated atmospheric vapor and cloud liquid from dual frequency noisy radiometric measurements and the possible improvement of accuracy attainable by using an additional radiometric channel. Nevertheless, atmospheric vapor and liquid are not the only quantities that can be directly used in telecommunications [Brussaard, 1985] and space geodesy [Gary et al., 1985; Ware et al., 1985; Elgered et al., 1991] , although the wet path delay depends essentially on vapor. Indeed, if a radiometric system has to provide data for satellite communication studies and/or for space geodesy applications, its optimal configuration should be determined with respect to the accuracy with which the relevant propagation parameters (i.e., attenuation and tropospheric electrical path delay) can be predicted from the radiometric data. To investigate the effects of different selections of the radiometric frequencies and of the number of channels, our numerical simulation has been extended to attain the ranking of different sets of frequencies with respect to the accuracy of predicting zenith attenuation A and wet path delay D. We used H. Liebe's Microwave Propagation Model (MPM) [Liebe, 1989] to evaluate A and D from the height profiles of meteorological variables. A statistical comparison between these values of A and D and those predicted from the radiometric data leads us to rank the combinations of radiometric frequencies with respect to their accuracy in zenith attenuation and wet path delay predictions.
Some of the questions addressed here were ex-amined by Grody [ 1976] for satellite-based observations. For a space-based platform, he showed that, for a single frequency system, a frequency at 22.235 is optimum for water vapor and one around 40 GHz is optimum for liquid. He also investigated the effects of a second frequency, both with one and two frequencies fixed. However, because of the effects of a variable surface emissivity on satellite observations, optimum location of frequencies will in general be different from ground-and spacebased platforms.
RETRIEVAL OF VAPOR AND LIQUID
Knowledge of the spatial distributions of temperature and absorbing constituents, as well as of the dependence of the absorption coefficient on temperature, pressure, and composition of the atmosphere, allows one to calculate brightness temperature at ground Ta(0) from meteorological profiles (direct problem). On the other hand, Ta(0) data contain information on the state of the atmosphere, so that the retrieval of the spatial distributions of temperature and of the absorbing/emitting gases or water particles is, in principle, feasible from suitable sets of radiometric measurements (inverse problem).
In 
The total amount of water vapor V in the air column probed by the radiometer antenna and the corre- 
Atmospheric profile generation
Two statistically independent ensembles of atmospheric profiles were generated starting from the mid-latitude summer standard atmosphere. For temperature, at ground level a random fluctuation with a Gaussian distribution has been superimposed on its standard value. Random fluctuations were also added to the temperature values at different heights but with a F distribution [Soong, 1982] . These fluctuations were added to a projected adiabatic profile to avoid unphysical situations. Ground-based thermal inversions with F-distributed thickness and strength were included too. The profiles of water vapor have been constructed by adding random irregularities with a Gaussian distribution to the standard atmosphere profile. Liquid water simulating fog and/or clouds was generated whenever the relative humidity at a given height was larger than a selected threshold. Both the thickness of the fog layer and the base height of the clouds were F-distributed, and the same distribution controlled the statistical generation of cloud thickness. The liquid content of clouds has been assumed to be proportional to their thickness [Decker et al., 1978] . A mixture of liquid and ice has been assumed below 0øC, while only ice is present below -30øC.
In total, one third of the profiles referred to clear skies, one third referred to fog conditions, and one third referred to cloudy conditions. The average integrated vapor for mid-latitude summer was 29.7 mm, with an rms standard deviation of 6.2 mm, and the corresponding quantities for total liquid were 0.65 and 0.11 mm. The same procedure was followed to generate the ensembles of profiles for the subarctic winter case, for which the average vapor Note that such a set of synthetic height profiles can be brought to approximate statistically an ensemble of profiles actually measured by radiosondes on a particular location, by suitably adjusting the various parameters that enter the profile generation, that is, mean values and variance of temperature and humidity at ground, mean and variance of integrated vapor and liquid, their distribution with height, percent of cloud cover, etc. Note that some of the parameters entering the profile generation are not measured by radiosondes.
Brightness temperatures
The synthetic realizations of atmospheric profiles for mid-latitude summer and for subarctic winter conditions were used as inputs to Liebe's MPM to obtain the brightness temperatures as would be measured by a ground-based microwave radiometer aiming at zenith. Ten frequencies, mainly lying in bands protected by radio frequency allocation, have been selected with the intention of assessing the potential of different combinations in atmospheric Means and standard deviations of radiating temperatures, at these frequencies, of the ensembles of profiles used in the simulation are reported in Table  1 . The behavior of the brightness temperatures at some of the mentioned frequencies as a function of the statistically generated total amount of atmospheric liquid is shown in Figure 1 . As expected, the radiometric channels at 54 and 58 GHz appear to be substantially insensitive to the liquid (and to vapor also), whereas, as indicated by their weighting functions [Westwater et al., 1990] (not shown here), they respond to temperature. On the other side, the 90-GHz channel is quite sensitive to liquid, but its response tends to saturate beyond 2 mm of liquid water. For this reason, it does not appear suitable for liquid retrieval in climatic conditions favorable to the development of thick and dense water clouds.
For profiles with ice clouds or, in general, with scarce atmospheric liquid, the 90-GHz channel is less subject to saturation and, in principle, can contribute effectively to the retrievals. The radiometric response for these kinds of situations in terms of brightness temperature versus vertically integrated liquid is shown in Figure 2 for some of the considered frequencies. The computed brightness temperatures at the mentioned 10 frequencies were used to retrieve the zenith total amount of both water vapor and liquid by the commonly used linear retrieval algorithm which utilizes the zenith optical depth r. The optical depth is obtained from the brightness temperature Tai measured at the ith frequency, the mean radiative temperature at the same frequency T, ni, and the cosmic background Tcos = 2.75øK, according to rrni --rBi ) On the basis of the present simulation for a mid-latitude summer atmosphere, the best pairs of frequencies for vapor retrieval appear to include one frequency on the water absorption line and one in the 31-36 GHz window, that is, the frequencies that are presently employed in dual-channel radiometry [Askne and Westwater, 1986] , while the best pairs for liquid retrieval include at least one frequency in the neighborhood of the oxygen absorption complex. Increasing the number of radiometric channels improves the accuracy of retrievals, especially for vapor. The best sets of three frequencies are still different for vapor and liquid, but the relative differences of retrieval accuracy between the first and the tenth set of frequencies is reduced from 52% to 14% for vapor and from 42% to 8% for liquid.
As indicated by th,e accuracies attainable by the sets appearing in high-ranking positions, a system having more than two channels, with frequencies in the water vapor line region, the 30-40 GHz window, and the oxygen absorption region, may be a reasonable compromise. It should be also noted that the 90-GHz channel seems to be too largely affected by cloud liquid to be efficiently employed in locations with climatologies similar to the one assumed in this simulation.
3.1.2.
Subarctic winter. The results of the numerical analysis for subarctic winter conditions are reported in Table 3 , which shows the relative rank- ing of the combinations of two and three frequencies for vapor and liquid retrieval, together with the retrieval accuracies for the three levels of radiometric noise. As before, the ranking is relative to a radiometric noise of 1 K rms.
The most striking difference with respect to the results obtained for the mid-latitude summer case is
now the presence of the 90-GHz radiometric channel in the highest ranked sets of frequencies for the retrieval of liquid and, to some extent, of vapor too. This is related to the scarce amount of liquid water in the subarctic winter atmosphere which prevents the 90-GHz channel from saturating, as is shown by a comparison of Figures 1 and 2 . Also, the relatively low amount of vapor makes the center frequency of the water vapor line to appear more frequently in the high ranks, due to its generally higher signal-tonoise ratio.
Optimization with respect to attenuation and wet path delay
The previous results indicate that the optimal sets of frequencies for atmospheric vapor retrieval are in general different from the optimal ones for liquid retrieval. For a given temperature and pressure background, space-Earth attenuation in atmospheric windows is a function of both vapor and liquid, whose relative influence depends on frequency. Therefore we expect that the optimal selection of channels for a radiometer dedicated to telecommunication applications may differ from the one obtained previously and may eventually depend on the satellite beacon frequency. On the other hand, a radiometer employed for correcting tropospheric electrical path delays should have an optimal configuration substantially similar to that for vapor retrieval.
To determine the optimal channel configuration atmosphere. Tables 4-6 report the relative ranking of sets of two and three frequencies with respect to the accuracy of prediction of zenith attenuation and wet path delay at three different frequencies, that is, 40, 50, and 90 GHz for the usual three levels of radiometric noise. Again, ranking is given with respect to a radiometric resolution of 1 K. The best pairs of radiometric frequencies vary with the particular frequency at which attenuation is to be estimated, while they remain almost unchanged for path delay, which is essentially independent of frequency. The optimal pairs of frequencies for attenuation, which depends on both vapor and liquid, in general are not optimal for time delay, which depends essentially on vapor only, although at 40 and 50 GHz, a dual-channel radiometer with 22.2 and 31.6 or 36.0 GHz appears to perform well with respect to both A and D. As for vapor and liquid, increasing the number of channels from two to three leads to an improvement in accuracy, which is more appreciable for path delay than for attenuation. The results reported in Tables 4-6 do not define uniquely a basic radiometric configuration performing equally well for both attenuation and path delay at all frequencies. However, as in the case of V and L, an instrument with at least three radiometric channels with frequencies on the water vapor line, in an atmospheric window, and in the region of oxygen absorption, respectively, seems to be reasonable.
Finally, it should be pointed out that the inclusion of meteorological data at ground level into the retrieval scheme yielded only a moderate improvement in the performance of a dual-channel radiometer. The improvement is lower than the one attainable by the addition of an appropriate third radiometric channel. The result obtained for the synthetic atmospheres has been confirmed for sets of actual radiosonde-measured profiles over various locations in Italy. It should also be noted that the highest-ranked sets of frequencies for attenuation at 50 and 90 GHz do not include these frequencies. Indeed, our simulation indicated that, for mid-latitude summer conditions, radiometric frequencies coincident with the ones of the beacon generally yield the highest accuracy in attenuation prediction only in the ideal case, that is, for a noiseless instrument and when the mean radiating temperature is exactly known.
3.2.2.
Subarctic winter. The results of the numerical analysis for subarctic winter conditions are reported in Tables 7-9 , which show the relative ranking of sets of two and three frequencies with respect to the accuracy of prediction of zenith attenuation and wet path delay at three different frequencies, that is, 40, 50, and 90 GHz for the usual three levels of radiometric noise. Again, ranking is given with respect to a radiometric resolution of 1 K. As seen before for vapor and liquid retrieval, a major difference with respect to the results obtained for the mid-latitude summer case is now the presence of the 90-GHz radiometric channel in several high-ranking sets of frequencies for the prediction of both attenuation and wet path delay at all the considered frequencies. In particular, the 90-GHz channel appears in all the first nine 2-and 3-channel configurations for attenuation prediction at 90 GHz, unlike in the mid-latitude summer case. Indeed, the subarctic winter atmosphere contains a scarce amount of liquid water, so that radiometric saturation at 90 GHz, which substantially reduces its retrieval potential, seldom occurs. As far as a basic radiometric configuration is concerned, an instrument with at least three channels with frequencies on the water vapor varying standard deviations have been added to the brightness temperature data. The retrieved V and L have then been compared with the corresponding quantities of each profile to obtain the rms retrieval error. Since a major goal of the study was the performance analysis of a radiometer for propagation parameter estimation, a study of the accuracy in predicting both attenuation and wet path delay for a vertical Earth-space path has been performed. Some conclusions can be drawn from the analysis. 
